Introduction {#sec1}
============

Smart materials that can convert various forms of stimuli (e.g., heat, light, electric field, magnetic field, pH, moisture) to mechanical motions are currently attracting intense attention.^[@ref1]−[@ref4]^ Among all stimuli, light possesses intrinsic advantages such as wireless control, abundant light sources with variable wavelengths, cost-effectiveness, cleanliness, and safety.^[@ref5]^ Photomechanical smart materials have demonstrated great potential for applications as diverse as information storage, sensors, actuators, artificial muscles, self-healing materials, and so forth.^[@ref6]−[@ref8]^ Until now, photomechanical smart materials have been mostly concentrated on carbon-based materials^[@ref9]^ and polymeric materials including organic polymers,^[@ref10]^ liquid-crystalline elastomers,^[@ref11]^ hydrogels,^[@ref12]^ and biopolymers.^[@ref13]^ However, these materials usually possess no or low crystallinity that unavoidably lead to low intrinsic energy conversion efficiencies, impeding their application scopes. In other words, the arrangement of photoresponsive chromophores (e.g., azobenzene,^[@ref14]−[@ref16]^ anthracenes,^[@ref17]−[@ref20]^ diarylethenes^[@ref21]^) in material structures is not or partially in an order that often leads to low coupling efficiency between light and mechanical energy.^[@ref22]^ Thus, developing new photoresponsive materials with high energy conversion efficiency, well-defined photoactuation mechanisms, and robust mechanical properties is of high importance and in urgent demand.

Recently, molecular crystals have demonstrated great promise as smart materials due to their advantages such as well-defined crystal structures, faster response time, and shorter recovery time.^[@ref23]^ The energy transfer between stimuli and active groups is more efficient in crystalline structures with less energy dissipation. However, molecular crystals possess intrinsic disadvantages such as brittleness, low processability, and small size that seriously hinder their practical applications such as performing useful work (motion) or fabricating large devices. Thanks to the pioneering work of Yaghi in 2005,^[@ref24]^ covalent organic frameworks (COFs) have emerged as a new generation of crystalline polymeric materials that combine the benefits of molecular crystals and organic polymers, such as high crystallinity,^[@ref25]^ precisely determined structures,^[@ref26]^ high porosity,^[@ref27]^ tunable pore size,^[@ref28]^ good processability,^[@ref29]−[@ref31]^ customizable functionality, and so on.^[@ref32]−[@ref40]^ Ascribed to these advantages, COFs can serve as an ideal class of materials for photomechanical applications. Nevertheless, to the best of our knowledge, there has been no report using COFs as photomechanical smart materials yet.

In order to prepare photomechanical COFs, a facile fabrication strategy is to directly install photoresponsive functional groups (e.g., azobenzene,^[@ref41]^ hydrazone^[@ref42]^) on COFs' skeletons ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). The hydrazone functional group, especially acylhydrazone, is perfectly suited to realize this strategy due to the following concerns.^[@ref42]^ (i) A light stimulus can highly efficiently activate the E ↔ Z isomerization (i.e., configurational switching) of acylhydrazones, accompanied by a reversible change of materials' properties such as volume, shape, and fluorescence.^[@ref43]−[@ref45]^ (ii) There are some classic COFs (e.g., **COF-42**, **COF-43**)^[@ref46]^ based on acylhydrazone linkages that exhibit superior advantages such as rapid and scalable synthesis,^[@ref47]^ high stability, and facile membrane formation.^[@ref48]^ In this study, we applied **COF-42** as a platform and engineered **COF-42** with polyethylene glycol (PEG) bridging linkers that afforded a series of uniform, freestanding, and defect-free membranes. The formed **PEG-COF-42** membranes exhibited an excellent mechanical property (high flexibility and good mechanical strength) and a reversible photoresponsive and vapor-responsive performance. This study paves a new avenue to prepare multi-stimuli-responsive materials based on COFs.

![Schematic Illustration of the Construction Approach of Photomechanical COFs](oc0c00260_0007){#sch1}

Results and Discussion {#sec2}
======================

Synthesis and Characterization of **PEG-COF-42** Membranes {#sec2.1}
----------------------------------------------------------

Forming membranes with good mechanical properties (e.g., high flexibility and mechanical strength) is highly desirable for mechanically responsive smart materials since materials need to hold the internal or external mechanical forces without fracture and destruction. According to the literature, the **COF-42** membrane possessed a very weak mechanical property (e.g., easily broke upon mechanical force) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)).^[@ref49]^ To improve the mechanical properties of **COF-42**, recently, our group has developed a "polyCOF" strategy via introducing PEGylated chain polymers as the building blocks of **COF-42**.^[@ref49]^ It was found that introducing chain polymers into COF structures not only can significantly improve the membrane formation ability and quality, and greatly enhance the mechanical performance, but also can endow new properties to COFs, such as a vapor-responsive performance. However, this strategy still exhibited some drawbacks: (i) a synthesis challenge of polymeric building blocks; (ii) relatively high polydispersity index (PDI) of polymers; and (iii) small monomers required to serve as co-building blocks to obtain a membrane with high crystallinity.

![Comparison of the mechanical performance of **PEG-COF-42** (intact upon bending, lifting, and crimping operations) vs **COF-42** (fracture upon bending) membranes.](oc0c00260_0001){#fig1}

To address these issues, in this contribution, we developed a more feasible and simpler approach using 2,5-diethoxy-terephthalohydrazide (DTH) dimer with PEG bridging linkers (DTH-dimer-*x*, *x* = molecular weight of PEG) as the monomer of **COF-42**. Uniform and freestanding **PEG-COF-42** membranes were harvested via interfacial polycondensation of 1,3,5-benzenetricarboxaldehyde (TB) with DTH-dimer-*x* at room temperature ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). Further investigation revealed that the appropriate length of PEG linkers is crucial for the formation of crystalline membranes. Powder X-ray diffraction (PXRD) data showed that **PEG**~***x***~**-COF-42** (*x* = 400 or 600) membranes possessed high crystallinity with the characteristic peak at 3.4°, 7.0°, and 26.9° as pristine **COF-42** ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b).^[@ref46]^ By contrast, PEG linkers with a molecule weight of 150 or 800 g/mol afforded amorphous materials due to the mismatching of PEG size and pore space ([Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). These results indicate that PEG linkers with the appropriate length would form interlayer or intralayer cross-linking in the **COF-42** skeleton ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)) without affecting the pristine crystallinity of COFs. We also found that the porosity and pore size of **PEG-COF-42** significantly decreased due to the blockage of COFs' channels by PEG moieties, and the longer PEG linker induced a lower porosity (pore volume and Langmuir surface area of 0.32 cm^3^/g and 782 m^2^/g, 0.15 cm^3^/g and 101 m^2^/g, and 0.01 cm^3^/g and 22 m^2^/g for **COF-42**, **PEG**~**400**~**-COF-42**, and **PEG**~**600**~**-COF-42**, respectively) ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)).

![(a) Illustration of the approach to fabricate **PEG-COF-42** membrane using interfacial synthesis. PXRD patterns (b) and solid-state ^13^C NMR (c) of **COF-42** and **PEG-COF-42**.](oc0c00260_0002){#fig2}

Various solid-state characterization techniques were then applied to characterize **PEG-COF-42** membranes. Fourier transform infrared (FT-IR) spectra exhibited new vibration bands at 1619 and 1221 cm^--1^ attributed to the formation of the C=N bonds. Meanwhile, the increase of characteristic peaks of C---H (2870 cm^--1^) and C---O (1100 cm^--1^) indicated the existence of PEG chains ([Figure S4c](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)).^[@ref50]^ The ^13^C CP-MAS NMR result further validated the formation of **PEG**~**400**~**-COF-42** and **PEG**~**600**~**-COF-42**. The characteristic signal at 150 ppm is ascribed to the chemical shift of the C=N bonds for **PEG-COF-42**. With the introduction of PEG, the peaks of ethyl groups (13 and 65 ppm) in **COF-42** disappeared, and a new peak (71 ppm) assigned to carbons in PEG chains was observed in **PEG-COF-42** ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c).

The quality of **PEG-COF-42** membrane is evaluated using scanning electron microscopy (SEM) and stress--strain tests. SEM images showed that **PEG-COF-42** presented as homogeneous, cohesive, and freestanding membrane structures ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). Cross-sectional SEM images further revealed a uniform, compact particle packing nature (thickness of **PEG**~**400**~**-COF-42**, 12 μm; **PEG**~**600**~**-COF-42**, 14 μm) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). In order to protrude the advantages of **PEG-COF-42**, we also prepared a **COF-42** membrane via the same procedure (i.e., interfacial polycondensation of TB and DTH) as **PEG-COF-42**. SEM images revealed that the **COF-42** membrane exhibited a rough surface with loosely packed particles ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). Additionally, stress--strain experiments revealed that the toughness and Young's modulus of **PEG**~**400**~**-COF-42** and **PEG**~**600**~**-COF-42** membranes were greatly improved, compared with the pristine **COF-42** membranes ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). For instance, **PEG~6~**~**00**~**-COF-42** achieved the highest elongation of 12%, almost 5 times as much as the **COF-42** membrane (2.6%) and 2 times better than our previously reported **poly**~**3/6**~**COF-42** membrane (6.5%). The elongations at break of **PEG**~**400**~**-COF-42** and **PEG**~**600**~**-COF-42** are even higher than some commercial or classic polymeric membranes (e.g., **PIM-1**, PVDF, **poly**~**3/6**~**COF-42**) ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). Furthermore, the **PEG-COF-42** membrane can proceed repeatedly with deformations (e.g., bent, twisted, or stretched) without damage ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Notably, **PEG**~**600**~**-COF-42** membranes possessed the highest toughness to lift a steel object of 100 g. Overall, attributed to the cross-linking effect of PEG bridging linkers, the mechanical performance of **PEG-COF-42** membranes was much better than the pristine **COF-42** membranes.

![(a) Photograph of transparent **PEG**~**400**~**-COF-42** membrane. (b) Top view and (c) cross-section SEM images of **PEG**~**400**~**-COF-42**. (d) Stress--strain curves for **PEG-COF-42** vs **COF-42**, **PIM-1**, PVDF, and **poly**~**3/6**~**COF-42** membranes. (e) Mechanical analysis of the stress--strain curves.](oc0c00260_0003){#fig3}

Evaluation of the Mechanically Responsive Performance of **PEG-COF-42** {#sec2.2}
-----------------------------------------------------------------------

The E ↔ Z isomerization of the acylhydrazone group triggered by light is always accompanied by a reversible change of materials' properties such as volume and shape. Noteworthily, we found that **PEG**~**400**~**-COF-42** and **PEG**~**600**~**-COF-42** membranes were photoresponsive to UV light with reversible bending behaviors ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). Herein, **PEG**~**400**~**-COF-42** membrane was selected as a representative to demonstrate the stimuli-responsive behavior. UV/vis spectroscopy unveiled absorption bands of λ~max~ = 375 nm for **PEG**~**400**~**-COF-42** in the UV region ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). Thus, we selected UV light with λ~irr~ = 370 nm (288 mW/cm^2^) to trigger the E ↔ Z isomerization of acylhydrazone groups in **PEG**~**400**~**-COF-42**. **PEG**~**400**~**-COF-42** membranes were cut into a strip (12 mm × 3 mm) fixed on a glass fiber and irradiated with unilateral UV light in the vertical direction. We used the displacement (D) and bending angle (θ) to evaluate the degree of the mechanical response process ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). It was found that the **PEG**~**400**~**-COF-42** strip gradually bent toward the light to reach a maximum bending angle of θ = 30° in as short as 20 s. This photoresponsive bending performance is better than some state-of-the-art materials (e.g., **trans-1**).^[@ref51]^ Notably, through irradiation with 440 nm blue light (288 mW/cm^2^) from the same direction for 3 min at room temperature or thermal treatment at 100 °C for 1 min, membranes can bend back to the initial position ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). This reversible bending performance can be repeated for many cycles with alternating UV light and thermal treatment ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). As mentioned in the literature,^[@ref42],[@ref43]^ the E state of acylhydrazone-based compounds is thermal dynamically more stable than the Z state, hence leading to the E → Z transformation upon heat. Moreover, the behavior of bending toward light indicates that the side of **PEG-COF-42** membrane close to light conducted a volume shrinkage during the light irradiation.

![(a) Schematic illustration of the defined displacement (D) and bending angle (θ) in the mechanically responsive process. (b) Photoresponsive bending behavior of the **PEG**~**400**~**-COF-42** membrane. (c) Plot of the reversible cycles of **PEG**~**400**~**-COF-42** via UV irradiation and heating. (d) Vapor-responsive bending behavior of the **PEG**~**400**~**-COF-42** membrane.](oc0c00260_0004){#fig4}

**PEG-COF-42** membranes also can inherit the property of PEG-based building blocks.^[@ref49]^ When exposed to the acetone vapor, **PEG-COF-42** membranes showed a fast bending response in 2 s to achieve a bending angle of θ = 40° and can rapidly recover back to the initial position once exposed to air ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d). Notably, this reversible bending process can undergo \>20 cycles without fatigue ([Figures S8 and S9](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). As reported in our previous work, pure **COF-42** membrane did not exhibit vapor-responsive behavior due to the lack of PEG moieties, while the pure PEG membrane exhibited a reversible vapor-responsive performance. Thus, we can conclude that the vapor-responsive property of **PEG-COF-42** membranes originated from PEG moieties which can reversibly change their conformation upon a vapor stimulus. Taking advantage of the vapor-responsive and photoresponsive behaviors of **PEG-COF-42** membranes, fabrication of multi-stimuli-responsive actuators to perform complicated motions is ongoing in our lab.

Investigating the Mechanism of the Photomechanical Response of **PEG-COF-42** {#sec2.3}
-----------------------------------------------------------------------------

Various solid-state characterization techniques were applied to unveil the mechanism behind the photomechanical performance of **PEG-COF-42**. Herein, we further chose **PEG**~**400**~**-COF-42** as a representative. **PEG**~**400**~**-COF-42** before light irradiation exhibits the E isomer (named as **PEG**~**400**~**-COF-42(E)**).^[@ref43]^ After irradiation with 370 nm UV light for 12 h, a broader UV spectrum band centered around λ~max~ = 400 nm appeared ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a), indicating the isomerization to **PEG**~**400**~**-COF-42(Z)**. SEM and ^13^C NMR spectra before and after light irradiation showed no obvious changes ([Figures S10 and S11](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)), indicative of no bond breaking occurring during the UV light irradiation. The PXRD pattern after UV irradiation showed the same pattern as pristine **PEG**~**400**~**-COF-42**, but with a decrease of peak intensity ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). It is possibly due to the partial loss of coherence of molecular building blocks in COFs. Upon irradiation to light, local disorientation is likely to take place, which makes the molecular building blocks deviate from their original lattice positions, hence leading to local incoherence, while their overall positions are maintained to afford almost identical peak positions but with lower intensity.

![(a) Solid-state UV--vis absorption spectra of **PEG**~**400**~**-COF-42** before and after UV irradiation. (b) FT-IR spectra of **PEG**~**400**~**-COF-42** before and after UV irradiation. (c) In situ FT-IR spectra of the **PEG**~**400**~**-COF-42** membrane under UV irradiation with different times. (d) In situ FT-IR spectra of the **PEG**~**400**~**-COF-42** membrane at 100 °C. XPS O 1s signals for **PEG**~**400**~**-COF-42** before (e) and after (f) UV irradiation.](oc0c00260_0005){#fig5}

The fluorescent spectrum of **PEG**~**400**~**-COF-42(E)** possessed a characteristic emission peak at 470 nm upon excitation at 365 nm ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). According to the literature, the fluorescent property of **PEG**~**400**~**-COF-42(E)** can be attributed to the excited-state intramolecular proton transfer (ESIPT) mechanism which is a process of intramolecularly transferring protons from donor groups (i.e., N---H) to proton acceptor groups (i.e., oxygen-- in PEG) under light irradiation.^[@ref52],[@ref53]^ After UV irradiation, the intensity of the characteristic emission peak decreased in **PEG**~**400**~**-COF-42(Z)**, possibly due to the configurational change (i.e., E ↔ Z isomerization) of acylhydrazone that hindered the ESIPT process.^[@ref52]^ As reported by Lehn,^[@ref54]^ Aprahamian,^[@ref42]^ and Hecht,^[@ref43]^ acylhydrazone switches triggered by stimuli conducted isomerization through either an out-of-plane rotation of the double bond or in-plane nitrogen inversion of C=N. In **PEG-COF-42**, due to the stacking of 2-dimentional (2D) COF layers, out-of-plane rotation is forbidden. Thus, the isomerization is possibly through an in-plane nitrogen inversion of C=N. Moreover, the Z isomer can be stabilized through noncovalent interactions in **PEG-COF-42**, such as π···π interaction and intralayer/interlayer hydrogen bonding.^[@ref47]^

In situ FT-IR, Raman and X-ray photoelectron spectroscopy (XPS) were further used to study the photoreactions that occurred during the light irradiation. As shown in the FT-IR spectra ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c), the intensity of the characteristic peak at 1540 cm^--1^ ascribed to the bending vibration of the N---H group in acylhydrazone gradually decreased as irradiation time extended. We also observed that the decreasing rate of peak intensity is faster in the initial stage and then gradually slowed down ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c and [Figure S14](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). The Raman spectra clearly showed the disappearance of the peak at 1560 cm^--1^, which is also ascribed to the change of the N---H group ([Figure S15](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). Interestingly, when the **PEG**~**400**~**-COF-42(Z)** membrane obtained after UV irradiation was placed in a 100 °C oven, FT-IR spectra revealed that the bending vibration at 1540 cm^--1^ gradually increased, indicative of the reversible nature of the proton transfer process ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}d and [Figure S16](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). The XPS O 1s signals of **PEG**~**400**~**-COF-42** before and after UV irradiation are compared in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}e,f. It was found that the relative intensity of C=O (531.2 eV) compared with C---O (533.1 eV) dramatically decreased after UV irradiation.^[@ref45]^ The C 1s signals of **PEG**~**400**~**-COF-42** did not show significant change before and after UV irradiation ([Figure S17](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). These results indicate that a tautomerism (e.g., enolate-keto) exists in the ESIPT process ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a).

![(a) Illustration of the possible mechanism of the E ↔ Z isomerization. (b) Mechanism to explain the bending toward light behavior of **PEG-COF-42** membranes. (c) Proposed structure changes of **PEG-COF-42** under UV irradiation.](oc0c00260_0006){#fig6}

According to the ESIPT mechanism, the photoexcited molecule can tautomerize through proton transfer. This agrees well with the result of XPS, FT-IR, and Raman spectra data. As illustrated in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a, the N---H group in the skeleton of **PEG-COF-42(E)** can form intramolecular hydrogen bonding with oxygen from alkoxy moieties in a six-membered ring fashion. After the photoreaction, the proton acceptor (i.e., oxygens in PEG) can capture a hydrogen from the adjacent N---H group to form a six-membered ring with adjacent nitrogen. In order to prove the crucial role of alkoxy moieties to the proton transferring reaction, we further prepared **COF-42** and its analogues ([Figures S18--S20](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)) as a comparison. **TB-Th COF** was synthesized via the reaction of TB and terephthalohydrazide (TPHD). Due to the absence of the alkoxy group, the ESIPT process cannot occur in **TB-Th COF**, proven by FT-IR data with no change before and after UV irradiation for 12 h ([Figure S21](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). **DFDM-THz COF** was synthesized via the reaction of benzene-1,3,5-tricarbohydrazide (THz) and 2,5-dimethoxyterephthalaldehyde (DFDM). Although the alkoxy group exists in **DFDM-THz COF**, its position is not close to the N---H group, hindering the proton transferring from N---H to the alkoxy group. This is verified by the FT-IR spectra with no change after UV irradiation for 12 h ([Figure S22](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). These results strongly suggest that the existence of the alkoxy moiety and its position play important roles to the ESIPT process and the isomerization of acylhydrazone in COFs. In addition, we also tested the model compound of **PEG-COF-42**, which did not show any change for the FT-IR spectrum. This result suggests that the framework structure of COFs is necessary for the photoinduced isomerization ([Figure S23](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)).

As predicted, **COF-42** containing the same skeleton as **PEG-COF-42** should show a photoswitch property. UV/vis, FT-IR, XPS, and fluorescence spectra revealed results similar to those of **PEG-COF-42**. After irradiation for 12 h, it was observed the UV band of λ~max~ = 375 nm disappeared, and a new UV band (λ~max~ = 365 nm) appeared ([Figure S24](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)), indicating the isomerization from **COF-42(E)** to **COF-42(Z)**.^[@ref43]^ FT-IR spectra showed the characteristic peak at 1535 cm^--1^ ascribed to the bending vibration of the N---H group of acylhydrazone having gradually disappeared as irradiation time was extended ([Figure S25](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). The intensity of the characteristic emission peak decreased after UV irradiation ([Figure S26](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)), and the intensity of C=O (531.2 eV) in XPS O 1s spectra decreased as well ([Figure S27](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). These results strongly suggest that **COF-42** has demonstrated an acylhydrazone photoswitch behavior under UV irradiation. Based on the above results and analyses, we can conclude that the configurational change of acylhydrazone (i.e., E ↔ Z isomerization) in **COF-42** and **PEG-COF-42** is accompanied by an ESIPT process intramolecularly transferring hydrogen from hydrogen donors of N---H to hydrogen acceptors of alkoxy moieties ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). During light irradiation, the hexagonal channels of COFs can perform a volume shrink that induced the photomechanical behavior ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c). Surprisingly, **COF-42** membranes exhibited no photomechanical motion under UV irradiation even after 12 h ([Figure S28](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)). As aforementioned, because the **COF-42** membrane was formed by loosely packed particles ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.0c00260/suppl_file/oc0c00260_si_001.pdf)), it possessed a very weak mechanical property and was easily broken under mechanical force. Therefore, due to the lack of a strong connection among particles in **COF-42**, the mechanical motion of independent particles cannot be aggregated together to perform macroscopic motions. These results indicate that the PEG linkage in **PEG-COF-42** plays a key role to the stimuli-responsive behavior of **PEG-COF-42**. PEG linkers can cross-link COF particles to form integral membrane structures and transfer the microscopic motions of COFs or PEG moieties to macroscopic motions. Moreover, PEG linkers can function as "springs" that can help to stabilize the Z isomer and meanwhile promote the reversibility of the volume change of COFs.

Conclusion {#sec3}
==========

In conclusion, we created a new approach to introduce PEG linkers to the **COF-42** platform and successfully fabricated a new type of uniform, highly flexible, freestanding pure COF membranes (**PEG-COF-42**). These membranes exhibited outstanding mechanical properties, comparable to some commercial or classic polymeric membranes (e.g., **PIM-1** and PVDF). Notably, **PEG-COF-42** membranes possessed a fast mechanical response (e.g., bending) to UV light, and the bending process is reversible upon thermal treatment or blue light irradiation. Various techniques such as in situ FT-IR, Raman, and XPS spectra were applied to unveil the mechanism behind the photoresponsive behavior. All results and analyses point out an unprecedented mechanism for the photoresponsive performance: configurational change of acylhydrazone (i.e., E ↔ Z isomerization) accompanied by an ESIPT process intramolecularly transferring hydrogen from the hydrogen donor groups of N---H in acylhydrazone to hydrogen acceptor groups (i.e., oxygen in PEG). Attributed to the 2D COF layer stacking structure, the Z isomer formed after UV irradiation can be stabilized through noncovalent interactions such as π···π stacking interaction, and the cross-linking effect of PEG linkers. In addition, we found that **PEG-COF-42** membranes can inherit the property of PEG-based building blocks, i.e., vapor-responsive behavior. By contrast, the pure **COF-42** membrane without PEG moieties exhibited no response to UV light or vapor. These interesting results further validate the crucial role of PEG in **PEG-COF-42**: (i) cross-linking COF particles to form integral membrane structures; (ii) serving as proton acceptors during the ESIPT process; (iii) transferring the microscopic motions of COFs or PEG moieties to macroscopic motions; and (iv) functioning as "springs" to stabilize the Z isomer and promoting the reversibility of volume change of the COF structure. This study not only points out a new application direction (i.e., photoresponsive artificial muscle) for COF materials but also unveiled a new mechanism for the photoswitch performance of acylhydrazone-based materials.

Experimental Section {#sec4}
====================

Syntheses of **PEG-COF-42** {#sec4.1}
---------------------------

**PEG-COF-42** membranes were synthesized in a 25 mL glass beaker. First, 0.0375 mmol of DTH-dimer-*x* was dissolved in the mixture solvent of 1.0 mL of H~2~O and 1.0 mL of dioxane was added as a bottom layer in the beaker. TB (0.025 mmol, 4.0 mg) and 525 μL of CH~3~COOH were dissolved into 3.0 mL of mesitylene and then slowly added on the top of the hydrazine layer. The system was kept at room temperature for 48 h without disturbance. Membranes were formed at the interface and then transferred into CH~3~OH. The membranes were washed with CH~3~OH in a Soxhlet extractor for 48 h and then dried by a supercritical carbon dioxide dryer.

Safety Statement {#sec4.2}
----------------

No unexpected or unusually high safety hazards were encountered.
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